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SUMMARY 
Theoretical performance data are presented for the isentropic expansion of 
The performance data presented are weight frac- 
hyd-rogen through a converging-diverging nozzle with the composition chemically 
frozen at stagnation conditions. 
tion of molecular hydrogen dissociated, flow rate per unit throat area per unit 
stagnation pressure, specific impulse, power requirements, and efficiency. The 
ranges of stagnation temperature and pressure considered are 2000' to 5000' K and 
0.1to 500 pounds per square inch absolute, respectively, for nozzle area ratios 
from 5 to CO. The data are presented primarily in tabular form with a limited 
number of figures to illustrate graphical presentations that have been found to 
be useful. 
INTRODUCTION 
Hydrogen has been established as one of the most suitable propellants for 
nuclear and electrothermal space-propulsion devices. For these devices, the ad- 
vantages of hydrogen are high heat capacity and the corresponding ability to 
store adequate thermal energy to achieve specific impulse levels of 1000 seconds 
at temperatures below the melting point of available refractory materials. This 
characteristic somewhat simplifies the design of the units by eliminating the 
need for separate cooling systems and makes possible operation at overall effi- 
ciencies that are compatible with certain space-mission applications. 
Hydrogen, however, begins to dissociate at temperatures at which its appli- 
With respect to cation for space-propulsion purposes just begins to have merit. 
efficiency, dissociation is significant because of the energy required and the 
questionable conversion of this energy into directed kinetic energy for propul- 
sion purposes. If the expansion of hydrogen through the exhaust nozzle proceeds 
with thermochemical equilibrium so that the dissociation energy is converted into 
directed kinetic energy, dissociation is desirable and should be promoted to ob- 
tain the maxi" performance attainable at a given temperature level. If the 
expansion process proceeds in a chemically frozen manner, however, so that the 
dissociated energy is not converted into kinetic energy, dissociation represents 
an inefficiency mechanism in the thermodynamic cycle and should be suppressed. 
At the present time, it has not been definitely established whether the ex- 
pansion process for hydrogen for the conditions and nozzle geometries presently 
being used proceeds i n  a f rozen  or an equilibrium manner. The calculated perfor-  
mance da ta  of reference 1 and t h e  experimental da ta  of reference 2 ind ica te  t h a t  
t h e  expansion process is  probably more frozen than i n  equilibrium. Much more ex- 
perimental data ,  however, a r e  required to conclusively e s t a b l i s h . t h e  degree t o  
which the  expansion process of hydrogen departs  from chemically frozen condi- 
t i ons .  A t  t h e  present ,  it i s  general ly  accepted t h a t  equilibrium expansion rep-  
resents  t h e  maximum performance l e v e l  a t t a inab le ,  while frozen expansion repre-  
sen ts  t h e  minimum l e v e l  f o r  uniform flows. 
Some l i t e r a t u r e  is  ava i lab le  on t h e  equilibrium performance cha rac t e r i s t i c s  
of hydrogen ( e . g . ,  r e f .  3 ) .  
frozen expansion of hydrogen t h a t  can be used conveniently f o r  design, evalua- 
t i on ,  or optimization purposes. The frozen performanee of hydrogen over a wide 
range of conditions similar t o  those of reference 3 a r e  therefore  presented here- 
i n .  These da ta  a r e  presented i n  both tabular  and graphic forms for stagnat ion 
temperatures and pressures  from 2000° t o  5000' K and 0 .1  t o  500 pounds per square 
inch absolu-te, respec t ive ly ,  and nozzle a r e a  r a t i o s  from 5 t o  co. 
Very l i t t l e  da ta  are ava i lab le ,  however, on t h e  
CALCULATION PROCEDURE 
The ca lcu la t ion  of t he  da ta  f o r  t he  i sen t ropic  f rozen expansion of hydrogen 
i s  based upon t h e  method and computer program of reference 4. The output da ta  of 
t h i s  program a r e  u t i l i z e d  as input da ta  t o  an accessory computer program f o r  ca l -  
cu la t ing  more spec i f i c  performance parameters t h a t  have been found by experience 
t o  be useful  f o r  t he  design and evaluation of t h r u s t o r  systems. 
When t h e  computer program of reference 4 i s  used, it must be recognized t h a t  
t he  data  a r e  based on t h e  assumption of an expanding gas t h a t  i s  chemically 
frozen a t  s tagnat ion conditions.  Reference 5 ind ica t e s  t h a t  t h e  composition of 
t h e  hydrogen gas i s  probably frozen a t ,  or s l i g h t l y  downstream of ,  t he  nozzle 
th roa t  region r a t h e r  than a t  s tagnat ion conditions.  These data ,  therefore ,  can 
be considered t o  be somewhat conservative i n  t h a t  any recombination t h a t  may oc- 
cur downstream of t h e  s tagnat ion region w i l l  improve t h e  performance as presented 
herein.  
The performance parameters calculated by the  accessory computer program a r e  
weight f r a c t i o n  of molecular hydrogen d issoc ia ted ,  flow r a t e  per un i t  t h roa t  a rea  
per un i t  s tagnat ion pressure,  and various power requirements and e f f i c i enc ie s .  
The weight f r a c t i o n  of molecular hydrogen d issoc ia ted  % and the  flow r a t e  
per un i t  t h roa t  a rea  parameter 
( 2 )  , respec t ive ly :  
G/A*po are ca lcu la ted  from equations (1) and 
XH 
% = 2 - x H  
w gc - -  - -  
A*po C* 
2 
The mole f r a c t i o n  of atomic hydrogen C*, 
and a l l  other  parameters required i n  subsequent equations a r e  obtained from t h e  
computer program of reference 4. 
XH, t h e  c h a r a c t e r i s t i c  v e l o c i t y  
The power requirements are calculated i n  terms of ki lowatts  of gas power 
required per un i t  weight flow r a t e  and i n  k i lowa t t s  of gas power required per 
pound of t h r u s t  (eqs .  (3)  and (4), r e spec t ive ly )  : 
P 
A =  1.899 (Ho + Href)  c 
P 1.899 (Ho + Href )  A =  
F Ivac 
( 3 )  
( 4 )  
A s  obtained from t h e  computer program, Ho i s  based upon t h e  reference t e m -  
perature  a t  298' K. 
t h e  ca l cu la t ions  f o r  power requirements (and subsequent e f f i c i e n c i e s ) ,  Href 
introduced as t h e  absolute  enthalpy of hydrogen a t  298' K. 
i s  general ly  used as a mission parameter, and, t he re fo re ,  it i s  based upon t h e  
vacuum s p e c i f i c  impulse 
f o r  a f i n i t e  a r e a - r a t i o  nozzle. 
I n  order t o  incorporate 0' K as t h e  reference temperature i n  
i s  
The parameter Pg/F 
I,,,, which corresponds t o  space environment operation 
The ca l cu la t ed  e f f i c i e n c i e s  a r e  based upon t h e  power-balance method pre- 
sented i n  reference 6 with t h e  following equation: 
P = P j  + Pf + Pq + Pe g (5) 
The gas power Pg i s  t h e  power required t o  achieve t h e  des i r ed  nozzle s tag-  
nat ion conditions.  The power terms Pj ,  Pf, and Pe represent  t h e  d i s t r i b u t i o n  
of t h e  power i n  t h e  gas a t  t h e  nozzle e x i t  plane; Pq i s  t h e  power exchanged be- 
tween t h e  gas and t h e  nozzle walls while t h e  gas i s  expanding through t h e  nozzle. 
The j e t  power Pj i s  t h e  thermal power converted t o  use fu l  t h r u s t  power. The 
''frozen" power r ep resen t s  t h e  influence of d i s soc ia t ion  caused by t h e  chemi- 
c a l l y  frozen assumption and t h i s  power i s  not ava i l ab le  f o r  conversion t o  t h r u s t  
power. The term Pe i s  t h e  thermal power other  than Pf remaining i n  t h e  gas 
a t  t h e  nozzle e x i t  plane t h a t  can be u t i l i z e d  f o r  t h r u s t  if  more complete expan- 
s ion  w e r e  provided. 
Pf 
The o v e r a l l  nozzle e f f i c i ency  7 i s  t h e  r a t i o  of j e t  power t o  gas power: 
Pf + P + Pe q P .  7 = 3 =  1 -  
pg pg 




Pg - Pf - Pq - Pe 
Pg - Pf - Pq 7e = 
For t he  idea l ized  i sen t ropic  frozen-expansion process considered here,  heat-  
t r a n s f e r  e f f e c t s  a r e  neglected,  and, therefore ,  P = 0; thus vq = 1.0. This as- 
sumption i s  s ign i f i can t  e s p e c i a l l y  f o r  low-power systems and can impose a severe 
l i m i t a t i o n  on the  data .  This assumption, however, w a s  j u s t i f i e d  on the  bas i s  of 
q 
t h e  genera l i ty  of t he  r e s u l t s .  The Pq term can 
spec i f i c  configurat ion and an operating condition 
assumption, t h e  e f f i c i e n c y  expressions reduce t o  
Pg - Pf - Pe 
pg - Pf rle = 
P, - P.p - 
be determined only a f t e r  a 
have been defined. With t h i s  
I n  evaluating t h e  e f f i c i e n c y  terms, only t h e  ove ra l l  nozzle e f f ic iency  7 
and t h e  frozen-flow ef f ic iency  vf a r e  calculated.  (The term ve can be ob- 
ta ined  from the  r a t i o  v / v f . )  The computer ca lcu la t ions  of these terms a r e  based 
upon the  following energy forms of equations (8)  and ( 1 2 )  with the  reference tem- 
perature  taken as absolute  zero: 
Ho + Href - 11,440 EDcLH 
. . .  7f = 
HO + Href 
Within the  l imi t a t ions  of t h e  two p r i n c i p a l  assumptions used ((1) c o n s t i t -  
uents frozen at  s tagnat ion conditions,  and ( 2 )  Pq = 0, therefore  ' 7q = l.O), t h e  
ca lcu la t ion  of t h e  da ta  i n  t h i s  manner has been found t o  pred ic t  nozzle perfor- 
mance t o  a reasonable degree of accuracy f o r  gas temperatures up t o  2800' K a t  
s tagnat ion pressures  of 1 atmosphere ( r e f .  7 ) .  
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PRESENTATION OF DATA 
The da ta  a r e  presented i n  both t a b u l a r  and graphic form. The tabula ted  da ta  
include a l l  t he  necessary parameters f o r  a preliminary evaluation of t he  o v e r a l l  
performance of a given thermal propulsion device. These da ta  a r e  presented i n  
t a b l e  I f o r  s tagnat ion pressures from 0 . 1 t o  500 pounds per square inch absolute.  
Each pa r t  of t he  t a b l e  presents  t h e  data a t  a spec i f i c  s tagnat ion pressure f o r  
s tagnat ion temperatures from 2000° t o  5000° K and nozzle a rea  r a t i o s  from 5 
t o  m. 
negl ig ib le  d issoc ia t ion  occurs, and, therefore ,  t he  performance f o r  frozen expan- 
s ion i s  i d e n t i c a l  t o  equilibrium expansion and can be obtained from reference 3. 
No da ta  a r e  presented f o r  temperatures above 5000° K because ion iza t ion  of hydro- 
gen occurs, and the  computer i s  not programmed t o  handle ionizat ion.  The ranges 
of s tagnat ion pressure and area  r a t i o  chosen correspond t o  those an t ic ipa ted  for 
space-propulsion devices u t i l i z i n g  hydrogen as t h e  propel lant .  The tabulated 
data include the  following s tagnat ion parameters: enthalpy, weight f r a c t i o n  of 
molecular hydrogen d issoc ia ted ,  flow r a t e  per un i t  t h roa t  a r e a  per un i t  stagna- 
t i o n  pressure,  frozen-flow ef f ic iency ,  and gas-power requirements per un i t  pro- 
pe l l an t  weight flow. For each nozzle a rea  r a t i o  associated with a given stagna- 
t i o n  temperature and pressure,  t h e  performance parameters presented a r e  spec i f i c  
impulse I, vacuum spec i f i c  impulse Ivac, ove ra l l  nozzle e f f ic iency  7 ,  and 
power requirements per pound of t h r u s t  
Performance da ta  a r e  not presented f o r  temperatures below 2000° K because 
P /F Q 
A su f f i c i en t  number of points  a r e  tabulated t o  provide accurate  interpola-  
f o r  an ambient pressure of zero. 
t i o n  i n  t h e  specific-impulse range of 900 t o  1200 seconds. This range corre- 
sponds t o  the  present a rea  of i n t e r e s t  f o r  nuclear and electrothermal  propulsion 
devices. 
The graphic presentat ion of t h e  data i s  l imi ted  t o  a number of t y p i c a l  
These curves a r e  presented i n  f igures  1 
curves t ha t  have been found usefu l  f o r  analyzing t h e  performance of 
electrothermal-propulsion devices. 
and 2. 
sions could be drawn. 
appropriate  curves be generated from t h e  tabulated data. 
N o  attempt has been made t o  present f i gu res  from which general  conclu- 
It i s  recommended tha t ,  f o r  a spec i f i c  appl icat ion,  the  
Lewis Research Center 
National Aeronautics and Space Administration 
Cleveland, Ohio, September 6, 1963 
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APPZNDTX - SYMBOLS 











nozzle e x i t  area, sq in.  
c h a r a c t e r i s t i c  ve loc i ty ,  gcpo/(G/A*), f t / s e c  
d i s soc ia t ion  po ten t i a l ,  ev ( taken as 4.476 ev f o r  molecular hydrogen) 
t h r u s t ,  lb 
grav i t a t iona l  constant,  ( l b  mass/lb fo rce )  ( f t / s e c 2 )  
nozzle - e x i t  enthalpy, cal /g  
s tagnat ion enthalpy (referenced t o  298' K ) ,  cal /g  
reference enthalpy l e v e l  taken as 1009 cal/g t o  provide power requirements 
and e f f i c i e n c i e s  with Oo K as reference l e v e l  
spec i f i c  impulse fo r  
vacuum s p e c i f i c  impulse f o r  zero ambient pressure,  see 
pe = pa, sec 
thermal power remaining i n  gas a t  nozzle e x i t ,  kw 
power frozen i n t o  gas,  kw 
gas power, kw 









ambient pressure,  lb / sq  in .  abs 
nozzle-exit  pressure , lb/sq in .  abs 
s tagnat ion pressure,  lb/sq in .  abs 
propel lant  weight flow rate, lb/sec * 
mole f r a c t i o n  of atomic hydrogen 
weight f r a c t i o n  of molecular hydrogen d issoc ia ted  
xH 
% 
v ove ra l l  nozzle e f f ic iency ,  q f v e  
qe nozzle-expansion ef f ic iency  
6 
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TABLE I. - ISENTROPIC FROZEN EXPANSION OF HYDROffEN FOR AREA RATIOS FROM 5 TO m 
( a )  Stagnat ion pressure,  po, 0.1 pound per  square inch absolu te  
153> 153 1199 1239 1274 1464 
0.257 0.255 0.261 0.269 0.278 0.302 0.324 
97.9 102.7 103.7 103.3 102.6 100.3 98.4 
m 
3pecif ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle ef f ic iency  
Power/lb t h r u s t ,  igYF 
stagnat ion p r e s d n o z z l r  




































Specif ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  $gYF 
Stagnat ion p r e s d n o z z l e  

















Speci f ic  impulse, I 
Vacuum s p e c i f i c  
Area r a t i o ,  0) 
Area r a t i o ,  500 
11501 2 1199 1238 1461 1274 
0.277 0.256 0.254 0.260 0.268 0.277 0.301 0.323 
85.5 98.0 102.7 103.7 103.4 102.6 100.4 98.6 
137975 175507 194842 203042 206438 207913 209021 204883 
Area r a t i o ,  100 
1077 
1083 1300 1380 
0.271 0.251 0.249 0.255 0.263 0.273 0.296 0.318 
86.1 103.3 104.3 104.0 103.2 100.9 99.0 
9699 11862 12968 13435 13630 13714 13778 13777 
Area 1067 r a t i o ,  1 1 8  50 
1078 1140 1187 1226 1262 1295 1374 1449 
0.267 0.247 0.246 0.252 0.260 0.269 0.292 0.313 
86.5 99.0 103.8 104.8 104.4 103.6 101.3 99.4 
3127 3743 4058 4190 4245 4269 4291 
Area r a t i o ,  25 
1052 
impulse, 
Nozzle e f f io iency  
Power/lb t h r u s t ,  6 YF 
s tagnat ion  presajn%zzle  




Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  $g/F 
s tagnat ion  p r e s d n o z z l e  
e x i t  preaa, P O / P ~  
0.223 0.231 0.250 0.269 
109.0 108.2 105.8 103.8 
80.9 81.2 81.4 81.4 
Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f ic iency  ll 
Power/lb thrus t ,  i /F 
Stagnat ion presdnEzzl  
e x i t  press., P O / P ~  
Spec i f ic  impulse, I 
Vacuum s p e c i f i c  
impulse I 
Nozzle e f h c E c y  
Power/lb thrus t ,  i ?F 
Stagnat ion p r e s d n 5 z z l e  
e x i t  Press ,  pO/pe 
Spec i f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  i YP 
Stagnat ion press/nEzzle 
e x i t  presa,  p d p e  
s tagnat lon  temperature, OK 
2000 I 2500 I 2800 I 3000 I 3200 1 3400 I 3600 I 3800 I 4000 I 4500 I 5000 
Stagnat ion enthalpy, Ho, cal/g 
68081 164821 337081 480921 584121 63829 I 666191 68337 I 69635 1 72331 I 74840 
0.00981 0.15001 0.44261 0.68961 0.86121 0.9425 I 0.97551 0.98891 0.9946 I 0.99891 0.9997 
Weight f r a c t i o n  of molecular hydrogen d issoc ia ted ,  % 
Flow r a t e  per  un i t  th roa t  a r e a  per  unit s tagnat ion  pressure,  ;/Alpo 




































0.261 70.31 0 ii.31 222 0.209 io3.81 0.210 108.5





































195823 202467, 207784 
1044 1113 1175 
1048 1116 1177 
0.381 0.314 0.283 
59.5 77.2 90.6 


























































......... . ..... 
TABLE I. - Continued. ISENTROPIC FROZEN EXPANSIOd OF HYDROQEN FOR ARGA RATIOS FRO# 5 TO - 
(b)  Stagnat ion pressure,  0.5 pound per  square inch  absolu te  
,erformance parameter Stagnat ion temperature, OK 
2500 1 2800 I 3000 1 3200 I 3400 I 3600 1 3 8 0 0 ~ ~ ~ 0 0 0  I 4500 I 5000 
Stagnat ion enthalpy, €Io, cal/g 
120231 213641 318681 443721 551401 621031 860951 885011 720801 74767 
0.06771 0.21551 0.39181 0.60401 0.78361 0.8931 I 0.9481 I 0.97401 0.99431 0.9983 
0.001991 10.001782 I O .  0016321 0.001498 IO .  OOl4OOlO. 001332 l0.001284 10.001246 IO. 001171 10.001111 
Weight f r a c t i o n  of moleculu' hydrogen d issoc ia ted ,  % 
Flow r a t e  per  u n i t  th roa t  a r e a  per  u n i t  s tagnat ion  pressure,  ir/A'po 
Gas power per  u n i t  p rope l lan t  weight flow r a t e ,  Pg/G 
24,7301 42,4701 62,4101 86,1601 106,600 I 119,800 I 127,400 14,270 P Frozen flow ef f ic iency ,  TIf 0.;89] 0.3181 0.2851 0.275 
Area r a t i o ,  m 
1228 




































jpec i f ic  impulse, I 
Iacuum s p e c i f i c  
impulse, IVac 
qozzle e f f ic iency ,  11 
?ower/lb t h r u s t ,  Pg/F 
j tagnat ion press/nozzle 
e x i t  press., po/pe 
~ 
__ 
Zpecific impulse, I 
Iacuum s p e c i f i c  
impulse, I,,, 
aozzle e f f ic iency ,  
?ower/lb t h r u s t ,  P,7F 
j tagnat ion pressJnozzle 
e x i t  press., po/pe 
_ _ -  
1269 1306 1388 




































0.389 y . 2 1  0 ?.91 318 0.285 :";I 0.275 97.6
m 
0.2761 0.2821 0.303 
100.4 101.1 100.0 
1255 611 1292 81 1373 9spec i f ic  impulse, I 
Jacuum s p e c i f i c  
impulse, I,,, 
qozzle e f f ic iency  
power/lb t h r u s t ,  $ 7F 
s tagnat ion press/nEzzle 




Area r a t i o ,  50 
1246 1283 1364 



















spec i f ic  impulse, I 
Viacuum s p e c i f i c  
impulse, IVaC 
Vozzle e f f ic iency ,  il 
Power/lb t h r u s t ,  Pg/F 
s tagnat ion pressJnozzl 




























14511 1746 e 
Area r a t i o ,  25 
Specif ic  impulse, I 
vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency ,  II 
Power/lb t h r u s t ,  Pg/F 
s tagnat ion presa/nozzle 
e x i t  press., po/pe 
~~ 
0.347 0.291 
61.4 7391 7kd 
Specif ic  impulse, I 
vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency ,  11 
Power/lb thrust, Pg/F 
Stagnation presa/nozzle 





8 0 0 ~  888 
0.246 0.252 0.271 
103.8 104.4 103.3 






Specif ic  impulse, I 
vacuum spec i f ic  
Impulse, IVaC 
Nozzle e f f ic iency  11 
Power/lb thrus t ,  6 /F 
s tagnat ion pressjn&zle 
e x i t  press., p0/pe 
~. 
0.288 0.247 
64.9 56.11 82.9 64 41 
1c 
TABLE I. - Continued. ISENTROPIC FROZEN MPANSION OF HYDROGEN FOR AREA RATIOS FROM 5 TO m 
( c )  Stagnat ion pressure,  1.0 pound per  square inch absolute  
Spec i f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  $ YF 
Stagnat ion press/nEzzle 
e x i t  press ,  p0/pe 
Spec i f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  bg?F 
stagnat ion press/nozzle 
e x i t  press., po/pe 
Spec i f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, IVac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  b,YF 
Stagnat ion pressJnozzle 


















Stagna t i  on temperature, OK 
2000 I 2500 I 2800 I 3000 I 3200 I 3400 I 3600 I 3800 I 4000 I 4500 5000 I1
I 1  
Stagnat ion enthalpy, Ho, cal/g 
64471 109521 180291 262301 371851 486891 577971 636491 671791 71772 74676 
0.00311 0.04791 0.15421 0.28841 0.47231 0.6656) 0.81441 0.90341 0.9499) 0.9887 I O I E  
).002295 10.002006 I O .  001819 l0.001681 I O .  007547 ~0.001433~0.001547 10.001294 ~O.OO1251~0.001172 10.001110 
Weight f r a c t i o n  of molecular hydrogen d issoc ia ted ,  aH 
Flow r a t e  per  u n i t  th roa t  a r e a  per  unit s tagnat ion pressure,  Q/A*P~  
~ 




































i 14,1401 22,7001 











Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f ic iency ,  
Power/lb t h r u s t ,  Fg?F 
Stagnat ion press,'nozzle 






Speci f ic  impulse, I 













503 Stagnat ion presQn&zle 






Nozzle e f f i c l i n c y  




































Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, IVac 
Nozzle e f f ic iency  
Power/lb thrust, h ?F 
Stagnat ion presa/n%zle 












































51,7101 72,5101 94,360 111,700 122,800 129,500 138,200 1 1 4 3 z  I I I I I -  
Frozen flow 
0.4571 0.3661 
Area r a t i o ,  m 
1041 11 1103 1 
0.457 0.366 :"I 




50.1 65531 924871 66.1 
Area r a t i o ,  loo 
1009 201 1078 871 
0.430 0.350 
50.7 4901 66.7 11/11 
Area r a t i o ,  50 
995 1066 l o l l l  1080/ 
0.418 0.342 
51.2 ~9031 67.2 23951 
Area r a t i o ,  10 








































1260 31 1300 021
0.282 0.285 
1845711 97.2 1961741 99.5 
0.277 0.280 
97.8 100.0 
12370 1 13'337 1 
















































































































































TABLE I. - Continued. ISENTROPIC FROZEN EXPANSION OF HYDROGEN FOR AWA RATIOS FROK 5 TO m 
( d )  Stagnat ion pressure,  5 pounds per  square inch  absolu te  
~. 
Performance parameter Stagnat ion temperature, OK 1 201;55; 2500 1 2800 I 3000 I 3200 I 3400 I 3600 I 3800 I 4000 I 4500 I 5000 
Stagnat ion enthalpy, Ho, cal/g 
95191 134301 177911 241251 325541 423131 517181 592501 694771 73964 
Weight f r a c t i o n  of molecular hydrogen d issoc ia ted ,  % 
Gas power per  u n i t  p rope l lan t  weight flow r a t e ,  Pg / i  
13,790 P I 1 I 1 Frozen flow ef f ic iency ,  llf 
0.3111 0.327 -0.8981 0.7531 0.6381 0.5251 0.4341 







1 1 7 3  










































1020 1071 1126 
1020 1071 1126 
0.636 0.525 0.434 
35.0 44.5 5 6 . 6  
m m m 
Area r a t i o ,  500 
3pecif ic  impulse, I 
?acuum s p e c i f i c  
impulse, I,,, 
Uozzle e f f ic iency  
Power/lb t h r u s t ,  6,7F 
m m 
1 Stagnation pressJnozzle e x i t  press., PO/Pe I I 
884 951 
8901 958 
Specif ic  impulse, I 
iTacuum sDecif ic  
0.330 81.31 0.313 89.21 0.310 96.91 0.325 97.6
130025 160052 194998 200388 
17.9 
39632 
e x i t  press., P O / P ~  I 
1216 1267 1366 1446 





















Specif ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I 
Nozzle e f f i c P E c y ,  v 
Power/lb t h r u s t ,  P /F 
$tagnat ion press$zzle 




0.323 ":"I 0.306 89.81 0.3OP 97.51 0.321 98.0

























0.566 0.475 0.401 
36 15kI  4 46.0 17411 58.1 20761 
Nozzle e f f ic iency ,  11 
Power/lb t h r u s t ,  Pg/F 
Staanation p r e s d n o z z l e  
















Specif ic  impulse, I 
vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f ic iency ,  
Power/lb t h r u s t ,  Pg7F 
s tagnat ion pressJnozzle 
e x i t  press., p0/pe 
0.540 0.455 0.386 
37.0 5461 4&il 5ki/ 
I 1 1 



































Specif ic  impulse, I 













spec i f ic  impulse, I 
vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  ig7F 
s tagnat ion pressinozzle  







TABLE I. - Continued. ISXNTROPIC FROZEN EXPANSION OF HYDROGEN FOR AREA RATIOS FROM 5 TO m 
( e )  Stagnat ion pressure,  1 0  pounds p e r  square inch abso lu te  
0.002297 0.002032 0.001890 0.001792 0.001689 0.001583 0.001480 0.001387 0.001311 I I I I I I I I 
'erformance parameter 
0.001189 0.001115 
specif ic  impulse, I 
Tacuum s p e c i f i c  
impulse, I,,, 
460 102,700 129,100 I 
iozzle e f f i c i ency  
>ower/lb th rus t ,  $g?F 
stagnation pressJnozzle 
e x i t  press., po/pe 
140,800 
ipec i f i c  Impulse, I 
lacuum s p e c i f i c  
iozzle efi'icY%cy, 11 
'ower/lb th rus t ,  Pg/F 
; tagnat ion press,/nozzle 
impulse I 





ipec i f i c  impulse, I 





ipecif ic  impulse, I 
iacuwn s p e c i f i c  
impulse, IVac 
lozzle e f f i c i ency  
'ower/lb th rus t ,  +gYF 
itagnation presa/nozzle 














lozzle e f f i c i ency  
'ower/lb- t h rus t ,  ;,?F I 
itagnation pressjnozzle  
e x i t  press,, po/pe 
ipecif ic  impulse, I 
racuum s p e c i f i c  
impulse, Ivac 
lozzle eff ic iency,  n 
'ower/lb th rus t ,  Pg/F 
itagnation pressjnozzle  
e x i t  press., pO/pe 
ipecif ic  impulse, I 
'acuum s p e c i f i c  
impulse, I,,, 
lozzle eff ic iency,  11 
'ower/lb t h r u s t  , Pe/F 
: tagnat ion pressJnozz1 














































































































Area r a t i o ,  m 
1015 10621 
1015 
0.709 31.2 0li;;l 
m m 
I -I 
Area r a t i o ,  500 
31,7001 40,8901 53,4501 69,1701 











Area r a t i o ,  10 
























































1 7 1  
0.316 
0.376) 0.3431- 0 . 3 2 O P  
0.376 70.91 0.343 "81 0.320 F.81 0.330 96.4 
m m 















0.287 i'i 61.1 
1264 1373 1455 
1267 1375 1457 
0.339 0.319 0.328 
81.1 93.9 96.6 
130637 183008 196057 
0.332 0.313 0.323 
81 94iol 6 122681 94.5 13265 97.0 
1239 1350 1434 
12511 13611 1445 
0 8S.071 326 0.308 94.91 0.319 97.4
3056 3860 4146 
0.296 0.284 0.295 
84.4 
1128 1244 1326 




TABLE I. - Continued. ISENTROPIC FROZEN EXPANSION OF HYDROQEN FOR AFLEA RATIOS FROM 5 TO - 



































































erformance parameter s tagna t i  on temperature , OK 
2500 I 2800 I 3ooo I 3200 j 3400 1 3600 I 3800 1 4000 1 4500 j 5000 
Stagnat ion enthalpy, Ho, cal/g 
147861 18961 I 24688 I 320291 405261 491361 649351 7234 
0.07831 0.1384 I 0.22661 0.34381 0.48171 0.62121 0.86441 0.954, 
I I I I I I I 
Weight f r a c t i o n  of molecular hydrogen d issoc ia ted ,  % 
Flow r a t e  per  u n i t  th roa t  a r e a  per  u n i t  s tagnat ion  pressure,  G/A*p0 
0.001804 0.001707 0.001606 0.001506 0.001424 0.001332 0.001197 0.001111 
Qas power per  u n i t  p rope l lan t  weight flow r a t e ,  Pg/k 
29,9901 37,920 I 48,8001 62,7401 78,8801 
Frozen flow ef f ic iency ,  qf 
0.7461 0.645 I 0.5481 0.4671 0.4061 
Area r a t i o ,  m 




























































iE+;l 1059 I 1107 1 1158 I 12111 
1059 1107 1158 1211 
Speci f ic  impulse, I 





































0 746 0 845 0 548 0.467 0.406 
59.61 i5.8 1 44.11 54.21 65.1; 
- 1  stagnat ion pressJnozzle e x i t  press., pO/pe 
Area r a t i o ,  500 
~. 
Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  bgTF 
stagnat ion press/nozzle 




1090 1144 1200 
1095 1149 1204 
0.531 0.455 0.398 
44.6 54.6 65.5 
55127 69682 90458 
U2gi 0.331 95.;
167517 192205 
Area r a t i o ,  100 
1355 144; 
13621 144: 
967 1015 1068 1125 
981 1029 1081 1137 
0.660 0.593 0.510 0.44C 
30.6 36.9 45.1 55.2 
3899 4243 4834 5757 
















Speci f ic  impulse, I 
Vacuum s p e c i f i c  
Impulse, I,,, 
Nozzle e f f ic iency ,  l) 
Power/lb t h r u s t ,  Pg/F 
s tagnat ion pressJnozzle 

































Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  bg?F 
s tagnat ion pressJnozzle 





37.3 1 45.6 
1521 1703 
I I 
















Specif ic  impulse, I 
Vacuum s p e c i f i c  
impulse, IvaC 
Nozzle e f f ic iency ,  
Power/lb t h r u s t ,  Pc?F 
0.624 0.547 0.474 
31.5 37.9 46.2 
5101 541 1 596 
Area r a t i o ,  10 
879 927 981 
922 970 1024 
0.502 0.494 0.431 
32.5 39.1 47.6 
129 135 145 
Specif ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Stagnation pressJnozzle 
Power/lb thrust, 6,7F 
e x i t  press., pO/pe 
57.9 













Specif ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f ic iency  
Power/lb thrust, 6 YF 
Stagnation pressJnEzzle 

















Spec i f i c  impulse, I 
vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f i c i ency  
Power/lb th rus t ,  $gYF 
Stagnat ion pressJnozzle 






Spec i f i c  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle eff ic iency,  11 
Power/lb th rus t ,  Pg/F 
Stagnat ion pressJnozzle 







Spec i f i c  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle eff ic iency,  11 
Power/lb th rus t ,  Pg/R 
Stagnation preasJnozzle 






Spec i f i c  impulse, I 
vacuum spec i f i c  
impulse, Ivac 
Nozzle e f f i c i ency  
Power/lb th rus t ,  bg7F 
Stagnation pressJnozzle 






Specif ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f i c i ency  
Power/lb th rus t ,  h 7i7 
Stagnat ion press/n%zzlG 
e x i t  press,, po/pe 
Spec i f i c  impulse, I 
Vacuum spec i f i c  
impulse, IyaC 
Nozzle e f f i c i ency  11 
Power/lb th rus t ,  $g/F 
Stagnation pressJnozzle 






Specif ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f i c i ency  
Power/lb th rus  t , bgyF 
Stagnation presa/nozzl 








(g) Stagnat ion pressure,  30 pounds pe r  square inch absolute  
~ 
stagna ti on temperature, OK 
2000 I 2500 I 2800 I 3000 I 3200 I 3400 I 3600 I 3800 I 4000 I 4500 I 5 0 0 0  
Stagnation enthalpy, Ho, cal/g 
63101 8831 I 111931 135101 167191 210861 267961 338031 416691 59691 
Weight f r a c t i o n  of molecular hjdrogen dissociated,  UH 
000565 I 0.00876 I 0.0285 I 0.05491 0.09741 0.16071 0.24821 0.35901 0.4851 I 0.76911 
0.913 
Flow r a t e  pe r  u n i t  t h roa t  a r ea  pe r  u n i t  s tagnat ion pressure,  $/A*po 





















































































































































Gas power pe r  u n i t  propel lant  weight flow r a t e ,  Pg/G 
~ 















































































































































61 .1  
52.8 




















66 .5  
2351 
0.351 0.342 I 1  
1341 1436 
13491 1443 
0.340 85.51 0.334 93.5
10337 12384 
- 
0.348 6:;l 0.306 8g";:l 0.303 96.2
257 
.~ 
















































































































































_ _  
TABLE I. - Continued. ISENTROPIC FROZEN EXPANSION OF HYDROQEN FOR AREA RATIOS FROM 5 TO - 
(h)  Stagnat ion pressure,  50 pounds per  square inch  absolute  
Stagnat ion temperature, OK performance parameter I 
~- I 2800 I 3000 I 3200 I 3400 I 3600 I 3800 I 4000 I 4500 I 5000 
Stagnat ion enthalpy, Ho, cal/g 
87241 lo844l 12837) 155291 19141) 238651 29775) 36712) 548911 6748: 
Weight f r a c t i o n  of molecular hydrogen d issoc ia ted ,  aH 
().0221] 0.04261 -0.07561 0.12511 0.19471 0.28561 0.39481 0.68181 
0.001661 0.001575 10.001488 I0.001406 0.001238 0.001134 I I I 
0.866: 
t h r o a t  a r e a  per  u n i t  s tagnat ion  PreBsure, iv/A*po 
per  u n i t  p rope l lan t  weight flow r a t e ,  Pg/G 
13,890 18,480 22,510 26,290) 31,4101 38,260l- 37,240) 
Frozen flow ef f ic iency ,  'Qf 
p - 1  .ir- -.I 58,4601 71,630 106,200 130,10( I I 









































0 964 0.905 -: i 
T - 
904 1 966 1 Speci f ic  impulse, I 
Vacuum s p e c i f i c  


















Specif ic  impulse, I 



























Nozzle e f f ic iency ,  l) 
Stagnation p r e s s h o z z l e  
Power/lb thrus t ,  Pg/F 
I e x i t  press, PO/P, 
s p e c i f i c  impulse, I 
vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f ic iency ,  11 
Power/lb t h r u s t ,  Pg/F 
s tagnat ion p r e s d n o z z l e  
e x i t  press., pO/pe I ~- - . 
Specif ic  impulse, I 
vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency ,  'Q 
Power/lb t h r u s t ,  Pg/F 
s tagnat ion prese/nozzle  
e x i t  p ress ,  P O / P ~  1 
Specif ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
yozzle e f f ic iency ,  
Power/lb thrus  t , Pg7F 
Stagnation preas/nozzle 
e x i t  press ,  PO/P, 
spec i f ic  impulse, I 
Jacuum spec i f ic  
impulse, I,,, 
-- ::;I q 1328 1430 13361 1437 















































vozzle e f f lc iency  
?ower/lb t h r u s t ,  h,7F I 
stagnat ion presa/n&zle 
lpec i f ic  impulse, I 
Jacuum s p e c i f i c  
impulse, Ivac 
vozzle e f f ic iency ,  
?ower/lb thrus t ,  PgYF 
stagnation presa/nozzle  
e x i t  press, PO/P, 





8616 10493 12159 14325 17156 20815 25423 31000 47656 62457 











Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f ic iency ,  
Power/lb t h r u s t ,  Pg/F 
s tagnat ion presa/nozzle  




































Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle eff ic iency.  q 
Power/lb t h r u s t ,  Pg/F 
Stagnat ion presa/nozzle 





Speci f ic  impulse, I 
Vacuum s p e c i f i c  
Nozzle e f f ic iency  7 
Power/lb thrua t ,  Cg/F 
impulse. Ivac 
s tagnat ion  preak/nozzle 
















TAEU I. - Continued. ISENTROPIC FROZEN EXPANSION O F  HMROffEN FOR AREA RATIOS FROM 5 TO I 
(1) Stagnat ion pressure,  100 pounds per  square  inch  absolu te  











Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  ll 
Power/lb t h r u s t ,  ig/F 
Stagnat ion presa/nozzle  




















0.420 69.2 1 o~~~~ 1 1006 0.883 
24.8 36.6 
- l m l m l -  I -  I -  1 - 1  - 1 - 1  
I I I I I I I 




20.6 23.0 25.3 28.3 50.3 84.1 
Area r a t i o ,  100 
1039 :%? I 1::; I 1054 1181 94 I,,,.,] 1317 1425 Speci f ic  impulse, I vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  $g/F 
Stagnat ion preas/nozzle 







































0.797 0.744 0.683 
25.8 
3592 1 I 








































Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  $g/F 
s tagnat ion  preaeJnozzle 






























Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f ic iency  ll 
Power/lb t h r u s t ,  ig/F 
Stagnat ion preaajnozzle  



























































$9.6 I 69.7 I 43.6 
17 














































TABLE I. - Concluded. ISENTROPIC FROZEN EXPANSION OF HYDROGEN FOR AREA RATIOS FROM 5 TO m 






Stagnat ion temperature, OK 
2500 I 2800 I 3000 I 3200 I 3400 I 3600 I 3800 I 4000 I 4500 I 5000 
Stagnat ion enthalpy, €I,,, cal/g 
84731 100241 112521 127121 144781 166351 192621 224331 329361 4625 







0.00701 0.01351 0.02401 0.03991 0.06261 0.09381 0.1351 0.2831 0.48 






















Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  
Power/lb t h r u s t ,  bgYF 
Stagnat ion press lnozz le  





Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I,,, 
Nozzle eff ic iency,  7 
Power/lb t h r u s t ,  Pg/F 
s tagnat ion  pressJnozzle 





















Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, I,,, 
Nozzle e f f ic iency  ll 
Power/lb t h r u s t ,  b /F 
Stagnat ion press/n%zle 
e x i t  press., pO/pe 
Spec i f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, IVac 
Nozzle e f f ic iency  ll 
Power/lb t h r u s t  , bg/F 
Stagnat ion pressJnozzle 
e x i t  press., pO/pe 
Spec i f ic  impulse, I 






















Nozzle e f f ic iency  ll 
Power/lb t h r u s t ,  bg/F 
s tagnat ion  pressJnozz1e 































Speci f ic  impulse, I 
Vacuum s p e c i f i c  
impulse, Ivac 
Nozzle e f f ic iency  TI 
Power/lb thrust, $g/F 
Stagnat ion presajnozzle  
















Speci f ic  impulse, I 













Nozzle e f f ic iency  ll 













































20,9501 23,2801 26,0601 29,4101 33,4901 
Frozen flow ef f ic iency ,  llf 
0.9441 0.910j 
Area r a t i o ,  m 
34901 34911 


































































































































- PO I 









( a )  Enthalpy. Reference temperature, 298' K .  




















(b )  Weight f r a c t i o n  of molecular 
hydrogen d issoc ia ted .  
Figure 1. - Continued. Stagnation 






Stagnation pressure,  
PO J 
- lb/sq i n .  abs  
Stagnation temperature, OK 
( c )  Flow r a t e  per un i t  t h r o a t  area. 












(a) Frozen flow efficiency; 
\ 
































Ib/sq in. abs 
1 5 0 0  
\ !  




impulse, I, sec 
infinite area and pressure ratios. 
i t  



















Stagnation temperature, 9( 
(b)  Specif ic  impulse; inf'in5te area 
and pressure r a t i o s .  
Figure 2. - Continued. Performance charac te r i s -  
t i c s  of hydrogen f o r  f rozen expansion. 
23 
l1l11ll l l  I I I I I I I I I I  I1 
5000 
Stagnation temperature, OK 
(c) Vacuum specific impulse; finite 
area ratio; ambient pressure, 0; 
stagnation pressure, 14.7 pounds 
per square inch absolute. 
Figure 2. - Continued. Performance 
characteristics of hydrogen for 
frozen expansion. 
24 
I I I I 1 Stagnation 
Area ratio, temperature, 














800 1000 1200 1400 1600 
Specific impulse, I, sec 
(d) Nozzle efficiency; finite area ratio; stagnation pressure, 
14.7 pounds per square inch absolute. 
Figure 2. - Continued. Performance characteristics of hydro- 









. .  .~ 
~. 
38C 
3600 ' /  
1000 
1 
Area r a t i o ,  
Ae /A* 
-5  
r 1 C  
/ s 
1200 1400 1600 
Vacuum spec i f ic  impulse, Ivac, .see 
( e )  G a s  power per pound of t h r u s t ;  f i n i t e  area r a t i o ;  
ambient pressure, 0; stagnation pressure, 14.7 pounds 
per square inch absolute. 
Figure 2. - Concluded. Performance charac te r i s t ics  of hydrogen 
f o r  frozen expansion. 
26 NASA-Langley, 1963 E-2157 
